Remote sensing of semi-arid regions. Final report by Stewart, J.B.
0
•
•
•
6
•
•
•
iö
6
6
I
6
S
•
.
+
0.
...
01O
.•
0
0-
.
01
-,0
.4
1;
-`•
-
.
•
•
-
1k
ar
:.
0:
0,
-
a
a
a
11.
a
a
a.
a
a
a.
a.
aaaa
a_
a
a
a
a
a
aaa
a
Saa
 •
•
•
•
•
•
REMOTESENSINGOF
•
SEMI-ARIDREGIONS
•
FinalReporton ODAProjectT06055B1
•
•
J B Stewart
•
•
•
•
•
•
•
•
•
•
•
Instituteof Hydrology
CrowmarshGifford
Wallingford
Oxfordshire
OXIO8BB
UK
•
Tel: 0491 838800
Fax: 0491832256
Telex: 849365HydrolG January1994
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
Contents
Page
•
EXECUTIVE SUMMARY ii
•
1 GOAL
•
2 PREVIOUS RESULTS USING REMOTE SENSING
/ 7
5 RESULTS 3
•
6 DISSEMINATION OF RESULTS 3•
• 7 FUTURE WORK 4
•
ACKNOWLEDGEMENTS 4
REFERENCES 5
APPENDICES
Appendix 1: Analysis of data from Fallow/Savannah and Tiger Bush sites 6
Appendix 2: Analysis of data from 6 semi-arid rangeland sites 12
• Appendix 3: Analysis of data for sparse prairie grass in Kansas, USA 2--
•
3 PURPOSE 2
4 DATA USED FOR ANALYSIS 2
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
Executive summary
Land degradation of semi-arid areas is thought to be a result of over exploitation due topopulation pressure, as well as climate fluctuations/change. To prove this hypothesis GeneralCirculation Models (GCMs) are used, however recent research has shown that these models
need improving and validation of their estimation of the surface fluxes of evaporation andsensible heat. Only remote sensing has the potential to provide measurements of these fluxes
at the scale of GCMs i.e. hundreds of kilometres. Improved predictions of climate change byGCMs would help aid agencies in planning new hydrological and agriculmral schemes.
Previous research has shown that estimates of sensible heat flux using remotely sensed datafrom semi-arid areas of sparse vegetation with classical formulation of the transfer coefficient
are significantly over-estimated. Previous research had suggested a theoretical basis for an
excess resistance in this classical formulation. The current research analysed data from Nigerto determine the excess resistance to correct for this bias. Introduction of this excess
resistance reduced the transfer coefficient by a factor of four. To check whether this value
of the excess resistance was typical of semi-arid rangeland areas, collaboration was set up
with 4 groups in USA and 1 in the Netherlands. The resulting analysis of data from another6 sites gave the same answer. To check how successful this excess resistance was in
estimating sensible heat flux and evaporation from sparse prairie grass, data from the FIFEproject in Kansas, USA was analysed. Without including the excess resistance the sensibleheat flux was over-estimated by factor of 2, whereas inclusion of the excess resistance
resulted in only an under-estimate of 18% in the sensible heat flux and an over-estimate 5%in evaporation. On the basis of these encouraging results this revised relationship could beused to determine sensible heat flux and evaporation for other semi-arid areas if satellite
measurements of radiometric surface temperature are available. Besides providing data for
validation of GCMs, this information should lead to improved assessment of water resourcesfor these areas.
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1. Goal
•
Vegetation and land degradation are widespread in arid areas and constitute a major global
environmental problem. Large parts of the dryland areas which cover overone third of the
earth's land surface are being degraded, with serious effects on the environment, food
production and the lives of hundreds of millions of people. Although current estimates of
global dryland degradation vary widely, the extent of the problem is vast and most severe in
Africa and Asia. Large scale changes in vegetation cover in semi-arid areas may produce
changes in climate. Changes in climate resulting from changes in vegetation cover can only
be predicted using mathematical models of the atmosphere and its interaction with the land
surface - these models are commonly known as General Circulation Models (GCMs).
•
To have confidence in the predictions of climate change from GCMs, theoutput from these
models needs validation. The primary method of validation has been to compare model
temperatures and pressure patterns at different levels in the atmosphere withmeasured values.
It has now been recognised that a major limitation of current GCMs is their simplistic
pararneterisation of exchange processes at the land - atmosphere interface. This
parameterisation determines the magnitude of the turbulent fluxes - evaporation and sensible
heat flux - from the surface. Therefore a stringent test of the land surface parameterisation
would be a comparison betweenmodelled and measured surface fluxes. However because of
their complexity GCMs can only run on current computers with very lowspatial resolution
i.e. typically the distance between grid points is hundreds of kilometres; therefore
1110 conventional ground based measurements of surface fluxes, which are representativeof areas
of less than I km across, cannot provide appropriate data. Only satellite remote sensing data
has the potential to provide measurements at the relevant scale.
On the World scale improved prediction of climate change will enable Governments to make
rational decisions about their policies which effect the production of carbon dioxide. At the
regional scale it will help aid organisations in planning new hydrological and agricultural
schemes to cope with changing rainfall patterns.
•
Previous results using remote sensing
Physically the sensible heat flux - energy in the form of heat which is transferred by
turbulence from the earth's surface into the atmosphere - is related to the difference between
the surface temperature and the air temperature. The radiometric surface temperature can be
derived from satellite measurements in the thermal infra-red band if the effects of the
atmosphere can be corrected for. Then sensible heat flux canbe derived if the near surface
air temperature and the transfer coefficient can be determined. The near surface air
temperature can be derived by interpolating between ground-based measurements or from
models. In contrast there is much more uncertainty about theappropriate transfer coefficient
to use. Classical micrometeorological theory relates the transfercoefficient to wind speed and
the aerodynamic roughnass of the surface. However a numberof previous studies (Choudhury
et al, 1986; Kustas et al, 1987; Stewart et al, 1989; Hall et al, 1992) have shown that large
systematic errors can be caused by using classical theory to derive the sensible heat flux from
radiometric surface temperature, particularly when the measurementsare made over sparse
vegetation.
Purpose
The purpose of this analysis was to oVercome these systematicerrors found in the turbulent
fluxes derived from remotely sensed radiometric surface temperatures measured over sparse
vegetation. Based on previous research (Owen and Thompson, 1963; Chamberlain, 1966)
it was proposed to introduce an excess resistance into the calculation of the transfer
coefficient. The objective of this analysis was to determine the average value of the excess
resistance and test whether this value was typical of other semi-arid rangeland areas.
Data used for analysis
To remove the additional problems of using satellite data, i.e. the effect of intervening
atmosphere and the uncertainty in geographical location; data fromtower mounted instruments
was used for this analysis instead. Another advantage of ground based measurements is the
complete coverage of the diurnal cycle rather than at a singletime of day, as provided by
sensors on polar-orbiting satellitas. The radiometric surface temperatures were measured by
infra-red thermometers (KI) mounted over the vegetation andsoil at two of the sites studied
as part of the SEBEX project (Wallace et al, 1992) in Niger, West Africa.
The SEBEX project provided the other essential measurements- near surface air temperature_
and wind speed, sensible heat flux and determination of the aerodynamic roughness of the
2
surface. One site was in an area of open natural forest, known locally as Tiger Bush. The
other was an area which had been used for growing millet and had been left fallow for 7
years and the natural savannah had regenerated.
5. Results
•
•
Analysis of 1142 daylight hours from the Tiger Bush site and of 507 daylight hours from the
Fallow/Savannah site gave values of 48 and 38 s respectively for the excess resistance.
The total resistance which is the sum of the classical aerodynamic resistance and the excess
resistance and is the reciprocal of the transfer coefficient, was 60 and 55 Se respectively.
Therefore the transfer coefficient is reduced by factors of 5.0 and 3.2 respectively. Details
of the analysis are given in the Appendix I. In meteorological theory the excess resistance
is described in terms of the quantity k13"1.For these two sites the values of kW are 8.3 and
5.8 respectively. To use these results for other areas of sparse vegetation the values of kEr'
were averaged giving a value of 7.1.
To test whether this value of ka' is generally representative of semi-arid rangeland
vegetation, collaboration with three groups in USA and one in the Netherlands was set up.
Each of these groups had similar data to that obtained in Niger. After discussion the same
analysis procedure was applied to all the data sets. These four groups between them had data
from another 6 sites which gave an average value for kB-1 of 7.1 - identical to the value
obtained from the two sites in Niger. However it needs stressing that this agreement is
probably fortuitous, since the values for the individual sites varied widely. Details of the
analysis are given in Appendix 2.
To test the accuracy of the estimates of the sensible heat flux using an excess resistance
derived from the average value of kB', data obtained by the Institute of Hydrology as part
of their participation in the First ISLSCP (International Satellite Land Surface Climatology
Project) Field Experiment (FIFE) was used. This project was run by NASA in the tall grass
prairie area of Kansas. Without incorporating an excess resistance term, the sensible heat flux
was over-estimated by 214 per cent, incorporation of the average excess resistance resulted
in an under-estimate of 18 per cent - a greatly improved result. The evaporation determined
using these values of sensible heat flux in the energy budget gave an average over-estimate
of 5%. Details of the analysis are given in Appendix 3.
•
•
6. Disseminationof results
•
0
As a result of the funding of this project the analysis has been reported at the following
meetings:
0
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American Geophysical Union Spring Meeting, Baltimore, Maryland, USA. 24-27
May 1993.
Thermal Infrared Workshop, La Londe les Maures, France. 20-24 September 1993.
FIFE Follow-on Workshop, Manhattan, Kansas, USA. 13-14 October 1993.
Horticultural Research Institute meeting, Kerikeri, NewZealand. 1-2 December 1993.
Also the following papers have been written:
Stewart, J.B., Kustas, W.P., Humes, K.S., Nichols, W.D., Moran, M.S. and de
Bruin, H.A.R. Sensible heat flux - radiometric surface temperature relationship for
8 semi-arid areas. Submitted to Journal of Applied Meteorology.
Stewart, J.B. Turbulent surface fluxes derived from radiometric surface temperature
of sparse prairie grass. Submitted to Journal of Geophysical Research.
7. Future work
It is to be hoped that further tests of the accuracy of the excess resistance derived from the
data for the 8 semi-arid rangelands sites will be undertaken by other groups after the papers
by Stewart et al, (1994) and Stewart (1994) have been published.The results from the current
analysis looks sufficiently promising that the method should beused to estimate regional scale
sensible heat flux from satellite data for semi-arid areas such as Southern Africa. If the other
components of the energy budget can be assessed then the evaporation can be determined as
the residual term. Since our current knowledge and methods of estimation of evaporation in
these semi-arid regions is very poor, these satellite based estimates will be a great
improvement in our understanding and modelling of the hydrological cycle of these regions.
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Appendix 1
Analysis of data from Fallow/Savannah
and Tiger Bush sites in Niger
Introduction
Previous studies (Choudhury a al., 1986; Kustas et al., 1987; Stewartet al., 1989) have
shown that measurements of the difference between radiometric surface temperature and air
temperature systematically over-estimate the sensible heat fluxwhen the classical aerodynamic
resistance is used. In this analysis an empirical excess resistance is determined for each hour
and then averaged for each site, using data collected under the ODA funded Sahelian Energy
Budget Experiment (SEBEX) with additional measurements of the radiometric surface
temperature.
Site characteristics
As part of SEBEX measurements were made over two of majorvegetation types in this region
of Niger in West Africa - savannah which had regenerated after an area used for growing
millet had been left fallow for 7 years and natural open forest, known locally as Tiger Bush.
Table 1 gives the location, vegetation classification and average annual precipitation for both
sites. Table 2 gives the proportions of the surface cover and their aerodynamic
characteristics. Values of z and d0 had been derived from eddy correlation measurements
of the friction velocity, u. (Lloyd et al., 1992). At the fallow/savannah site the grasses were
up to 0.3 tall and the shrubs up to 2.5 m tall. At the Tiger Bush site the trees were 3 to 5
m tall.
Measurements
In the SEBEX project the surface temperature was measured by infra-red thermometers
(model 4000) manufactured by Everest Interscience Inc. They had a field of view of 15°.
To obtain an areal average the measurements were replicated. The number used and the
height of the mountings is given in Table 2. The sensors were positioned so that they'
6
 sampled the various components of the land cover. The individual measurementswere
weighted by the average proportion of the vegetation over the area. The air temperature was
measured by an automatic weather station manufactured by Campbell Scientific Inc. and the
data integrated over an hour. The hourly measurementsof the sensible heatflux were made
by the Institute of Hydrology Mk2 Hydra, an eddy correlation system usinga vertical sonic
anemometer and fine wire thermocouple (Shuttleworth etal.,1988).
4. Methodology
The turbulent transfer of sensible heat from a surface can be parameterizedby a resistance
type formulation using the difference between the radiometric surface temperatureT: and air
temperature T•, typically measuredseveral meters above the surface:
•
H =pcp - Tjp-h (1)
•
Where r„ is the resistance to heat transfer from a surface at 71, p is the density and co is the
specifc heat of air at constant pressure. This is analogous to the equation involving the
aerodynamic surface temperature, Tel, which replaces T: in (1) and the resistanceis defined
by the classical aerodynamic resistance to heat transfer, r„„
•
•
•
•
rah = {In
where u. is the
=kuI
I In
velocity
z, -do
I ?jii-
defined
h
IZr-do
by
z-di

I I.Iku


zo„
friction


L
The symbol do is the displacement height, zoo,is the momentum roughnesslength, zo, is the
roughness length for heat, z, is the level above the surface where windspeed, u, and T. are
measured, k is von Karman's constant (-0.4) and th and to are stability correction
functions for heat and momentum, respectively, as a function of L, the Monin-Obukhov
length. See Brutsaert (1982) for details concerning the stability correction functions of wind
speedand temperature in the surface layer. Mathematically, ra is the resistancefrom a height
zo„ + dohaving an aerodynamic temperature T:, to the height z, in the lower atmosphere.
•
Under unstable conditions the value of T: is frequently higher than T2,andas a result, this
requires that r, > ra. This can be representedalgebraically by adding anexcess resistance
to rah, namely,
•
•
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•
r =rah +rh


(4)
where r, is the excess resistance required in order to satisfy equation (I) given an estimate of
rbhcomputed from equations (2) and (3). Since the roughness length for momenmm has been
related to mean obstacle height and density (Brutsaert, 1982), it can be estimated from land
use information. However, the roughness length for heat over different surfaces is not well
known. Therefore, the term involving za, in eqn (2) is often neglected when rg, is calculated.
When this is done, the excess resistance r, in eqn (4) also includes differences between 4.
and ;b.
Previous work has shown that momentum and heat transfer from vegetation and rigid
obstacles are significantly different and has been quantified by the quantity IV
(=k-'1n(z„blzeb)) proposed by Owen and Thompson (1963) and Chamberlain (1966). It can
be shown (e.g., Verma, 1989) that B ' is related to r, by the following relationship:
r = (5)
The value more often reported in the literature is UV (Brutsaert, 1982), which is the
In(za./z0b) term in (2), and is the quantity calculated here from each set of hourly
measurements used in equation (1) for both sites.
The wind speed and air temperature data were extrapolated to z, = 10 meters for both sites
using the Businger-Dyer surface-layer stability correction formulations for unstable conditions
(Brut.saert, 1982). This was performed in order to have consistency in the calculation of
resistances among the sites. The height z, = 10 m is the measurement height for wind speed
recommended by the World Meteorological Organization.
5. Results
Values of k134 were derived from eqn (I), (2) and (3) using measurements of H, 71, and u.
For both sites the average and standard deviation of kir' derived from all the hours of
measurements is presented in Table 4 with the number of hours used. There is a considerable
difference in the values of klErl; however, the values of the total resistance rb (the sum of the
aerodynamic and excess resistances) are similar. Note that the "excess resistance", r, is
typically larger than rah.
8
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Table I Location, dominant vegetationtype andmean annualprecipitationfor both sites
Location Latitude Longitude Altitude Vegetation Precipitation
(m) (min)
Niger 13•15'N 2• I8'E 240 Savannah 564
Niger 13°12'N 2°15T 260 Open forest 564
Table 2 Proportions of the components of the surface cover and the aerodynamic
characteristics- roughnesslength, z., zero planedisplacement,d. -for both sites
Site Surface cover (%) Aerodynamic
characteristics (in)
	
Bare Crass Shrubs zwi
	
Soil Forbes Trees
Savannah 3 78 19 0.17 0.93
Open forest 67 33 0.4 2.0
Table 3 Number of infrared thermometersand height of sensible heatflux, wind speed,
suiface and air temperaturesensors
Project/Site Period Surface temperature Height (m) of
(Number) Height (m)
	
Grass/soil Shrubs Whitt Air Sensible
	
speed temperature heat flux
Fallow/Savannah 7/10/89- (3) 3.5 (3) 3.5 10 3 10 3 12.3
4/12/89
11/5/90- (2) 6.0 (4) 3.5 10 3 10.3 12.3
7/6/90
Natural open forest 7/10/89- (3) 3.5 (3) 9.5 12.1 12.1 15.9
30/9/90
10
Table 4 The average (avg) and standard deviation (std) of the quantity kW and the average
resistances computed by Eqs. (I), (2) and (5) derived from the measurements of the sensible
heat flux, radiometric sutface - air temperature difference and wind speed for both sites
11, Surface No of hours of kir k13-' I.". r, r,
0


observation (avg) (std)



Savannah 507 5.8 2.9 17 38 55
0 Open forest 1142 8.3 3.3 12 48 60


Average


7.1



Appendix 2
Analysis of data from 6 semi-arid rangeland sites
Introduction
To investigate the generality of the empirical excess resistance determined for the two sites
in Niger, collaboration was set up with other groups who had access to data for similar semi-
arid areas in other countries. As a result K S Humes, W P Kustas, M S Moran and W D
Nichols in USA and H A R de Bruin in the Netherlands analysed their data in the same way
as had been done with the Niger data to determine an empirical excess resistance for each of
their sites.
The excess resistances for the individual sites were averaged and then used to estimate the
mean sensible heat flux for each site to compare with the mean measured sensible heat flux.
Site characteristics
During the last few years a number of multi-disciplinary projects have taken place. Their
general aim has been to quantify and understand the fluxes from areas of sparse natural
vegetation. Additionally these projects collected data to enable development and validation
of remote sensing algorithms. The data from six of these projects is used in this analysis.
The projects were La Crau, Monsoon 90, Owens Valley, Smith Creek Valley and Smoke
Creek Desert. During someof these projects, measurements were made over more than one
type of vegetation. Table I gives the location, vegetation classification and the average
annual precipitation for each of the sites. Details of the sites are given by Kohsiek et al.,(1993), Kustas et al., (1991), Kustas et al., (1989), Nichols (1992), respectively.
Table 2 gives the proportions of the surface cover and the aerodynamic characteristics for
each site. Values of za, and d0 for each site had been derived from eddy correlation
measurements of u. (Kohsiek et al., 1993), or estimated from empirical formulas that use
canopy height and density (Kustas et. al., 1989; Nichols, 1992), or determined by applying
surface similarity theory to vertical velocity fluctuations (Kustas et al., 1994). At these sites
typically the height of the grass was 0.1 to 0.3 m tall, and shrubs being 0.5 to 2.5 m tall.
12
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3. Measurements
•
In the Monsoon 90 project carried out in the Walnut Gulch catchment, thesensible heat flux
was estimated using both eddy correlation and temperature variance techniques. The variance
technique is described in Wesely (1988) while the eddy correlation methods used at these sites
are described in Blanford and Stannard (1991) and Stannard et al (1994). Comparison of
sensible heat fluxes by the eddy correlation and variance technique were satisfactory (Kustas
et al., 1991; Kustas et al., 1994). Since the variance data allowed for a nearly continuous
set of local sensible heat flux estimates at both sites, these fluxes were used in the current
study. Measurements of wind speed and direction and air temperature were made by an RM
Young Wind Sentry (model 3001-5) and Campbell Scientific Inc. fine-wire chromel
constantan thermocouple. Twenty minute averages were recorded. For more details about
the field sites and measurements, see Kustas et al., (1991) and Kustas and Goodrich, (1994).
•
Continuous thermal-infrared observations were made at the two Walnut Gulch sites using
Everest lnterscience Inc (model 110) infrared thermometers having a 3° field of view. One
sensor viewed the soil surface while the other viewed the vegetation. Sensors were positioned
2 m above the soil surface at the Lucky Hills site and 1 m above the soil surface at the
Kendall site. Periodically ground-based transects with a nadir viewing thermal-IR sensor
mounted on a yoke apparatus were collected near the flux stations. The composite surface
temperature from these ground-based transects were in close agreement with low altitude
aircraft observations having a much larger sensor footprint (Moran et al., 1991). Therefore
reliable estimates of the composite surface temperature with the continuous thermal-infrared
observations was obtained by a least squares regression. The one sensor viewing the soil and
the other viewing the vegetation were the independent variables and the composite
temperatures from the yoke transects was the dependent variable. For the Lucky Hills and
Kendall site the root mean square error between predicted and actual composite temperature
was about 0.9°C and I.1°C, respectively.
•
In Owens Valley, measurements of the surface energy balance were made by the Bowen ratio
energy balance approach and eddy correlation method. For a description of the Bowen ratio
systems see Gay (1988) and Stannard (1985) and for the eddy correlation systems see Tanner
et al., (1985). In general, the agreement between the two techniques was satisfactory
(Weaver, 1992). Estimates of the surface energy balance components were adopted for the
analysis from Kustas et al., (1989). Wind speed and air temperature were measured by a
portable meteorological station nearby the flux sites. Wind speed was measured by a RM
Young 3-cup anemometer (model 12002) and air temperature was measured with a shielded
and aspirated copper constantan thermocouple manufactured by the USDA-ARS, US Water
Conservation Laboratory.
Remote sensing data were collected over Owens Valley using an Exotech four-band
radiometer and an Everest lnterscience (model 110) infrared thermometer mounted on an
aircraft platform. Observations were made for several clear days in the late morning and
early afternoon. The aircraft flew at an altitude of 150 m above ground level. The nadir
looking instrument had a nominal 15° field of view, which resulted in a 40 m diameter
footprint at the surface. For further details concerning the micrometeorological and remote
sensing measurements see Kustas et al., (1989) and Wilson et al., (1992).
Sensible heat fluxes at Smith Creek Valley and Smoke Creek desert were evaluated with the
• 13
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Bowen ratio-energy balance approach. Gradients of temperature and vapour pressure above
the canopy were determined by measurements at two heights of air and dewpoint
temperatures. The air temperatures were measured using fine wire thermocouples and dew
point temperatures were measured with a single cooled mirror hygrometer. The Bowen ratio
system was designed and manufactured by Campbell Scientific Inc. (Tanner et al., 1987).
Continuous thermal infrared observations of bare soil temperatures were made at both sites
using an Everest Interscience (model 4-000) infrared thermometer with a 15° field of view
mounted approximately 2 m above the soil surface. Canopy temperatures were measured
with an Everest lnterscience (model 110) with a 3° field of view mounted 2 m above the soil
surface. Wind speeds were measured with R. M. young photo-chopper anemometers with
a threshold of 0.2 m''. For more details concerning the micrometeorological and remote
sensing measurements see Nichols (1992).
Measurements for the La Crau experiment were made in June 1987 in a region called 'La
Crau' (S. France), a dry flat area of about 150 kni1 covered with pebbles and stones up to
15 cm high and a very sparse vegetation cover of grasses and herbs. Apart from synoptic
observations (wind, temperature, humidity, pressure, precipitation and radiation), profile
measurements (wind, temperature and humidity) the vertical fluxes of sensible heat,
momentum and water vapour were measured with the eddy correlation method (3-D sonic
anemometer, fast response thermometer and hygrometer). Also, surface temperature
measurements were made with an Hermann KT24 infrared thermometer, which was looking
South with an angle of 45°. To adjust for this view angle a correction has been applied of
0.001 times the incoming solar radiation (in W M2). For more detailed information on the
site and measurements see Kohsiek et al., (1993).
All the infrared thermometers operated in the 8 to 14 Am band. Since the surface emissivity
of most of the sites was not determined and reliable estimates of the atmospheric longwave
radiation were not available, the radiometric surface temperatures were derived from the
infrared thermometer measurements assuming an emissivity of unity.
4. Methodology
The turbulent transfer of sensible heat from a surface can be parameterized by a resistance
type formulation using the difference between the radiometric surface temperaturell and air
temperature T., typically measured several meters above the surface:
H = pcp (71-Tjjr„ (1)
Where rb is the resistance to heat transfer from a surface at Tt, p is the density and c is the
specific heat of air at constant pressure. This is analogous to the equation involving the
aerodynamic surface temperature, 11, which replaces -11 in (I) and the resistance is defined
by the classical aerodynamic resistance to heat transfer, rib.,
14
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where u. is the friction velocity defined by
•
i zr-dol _
u, = ku/ In
zoo,
- Nif (3)L
•
The symbol d0 is the displacement height, za, is the momentum roughnesslength, za, is the
roughness length for heat, z, is the level above the surface where windspeed, u, and T. are
measured, k is von Karman's constant (-0.4) and 41b and ta are stability correction
functions for heat and momentum, respectively, as a function of L, the Monin-Obukhov
length. See Brutsaert (1982) for details concerning the stability correction functions of wind
speed and temperature in the surface layer. Mathematically, ta is the resistancefrom a height
za,+ d, having an aerodynamic temperature Te'st,to the height z, in the lower atmosphere.
Under unstable conditions the value of T1 is frequently higher than and as a result, this
requires that rh > ra. This can be represented algebraically by adding an excess resistance
to ra, namely,
rh=rah+r, (4)
where r, is the excess resistance required in order to satisfy equation (1) given an estimate of
ra computed from equations (2) and (3). Since the roughness length for momentum has been
related to mean obstacle height and density (Brutsaert, 1982), it can be estimated from land
use information. However, the roughness length for heat over different surfaces is not well
known. Therefore, the term involving za, in eqn (2) is often neglected whenra is calculated.
When this is done, the excess resistance r, is eqn (4) also includes differences between zr.
and za.
•
Previous work has shown that momentum and heat transfer from vegetation and rigid
obstacles are significantly different and has been quantified by the quantity 13-1(=k-Iln(zalza)) proposed by Owen and Thompson (1963) and Chamberlain (1966). It can
be shown (e.g., Verma, 1989) that R' is related to r, by the following relationship:
r, = (5)
The value more often reported in the literature is kR' (Brutsaert, 1982), which is the
In(z„„,/za) term in (2), and is the quantity calculated here from each set of hourly
measurements used in equation (1) for the 6 sites.
•
The wind speed and air temperature data were extrapolated to z, = 10 meters for all sites
using the Businger-Dyer surface-layer stability correction formulations for unstableconditions
(Brutsaert, 1982). This was performed in order to have consistency in the calculation of
resistancesamong the sites. The height ; = 10 m is the measurement height for wind speed
recommended by the World Meteorological Organization.
•
Results
Values of k134were derived from eqn (1), (2) and (3) using measurements of H, 11 and U.
For each site the average and standard deviation of 04 derived from all the hours of
measurements is presented in Table 4 with the number of hours used. For most sites, the
standard deviation is relatively high with the coefficient of variation being greater than or
equal to 0.5. There is a range in kW for the different sites of over three to one; however,
the range in the total resistance rb (the sum of the aerodynamic and excess resistances) is
considerably smaller. In addition the "excess resistance", r, is typically larger than r.6.
Averaging the mean values of kW' for the six sites gives a value of 7.1 which is identical to
the value for the two sites in Niger. It must be stressed thatthis degree of agreement must
be fortuitous, bearing in mind the variability of the values for the individual sites.
As a preliminary assessment of the improvement due to usingan excess resistance, sensible
heat fluxes for the individual sites were determined from measurementsof T1 using a value
of kW derived by averaging all the values of kIr, yielding a value of 7. For comparison,
the sensible heat fluxes were also determined without the useof an excess resistance that is
ka' =O. Table 5 lists the estimate of the sensible heat flux, averaged over all hours, using
the average kB4 for all sites (H.) and using no excess resistance(HJcompared to the average
measured value (H.) for each site. The Table also gives the differences between the
estimated and measured fluxes. It is immediately obvious that the omission of an excess
resistance results in gross over-estimates of the sensible heat fluxes for these semi-arid sites.
In contrast, the use of an average value of kal to calculate theexcess resistance significantly
reduced the differences in the average sensible heat flux measured and modelled. The
percentage difference between Heand Elmvaried between 10%and 40% with an average for
all the sites of about 20%.
Concluding remarks
The present analysis has confirmed that the data from these sites show large differences
between radiometric and aerodynamic surface temperatures. Therefore the use of standard
aerodynamic formula to determine sensible heat fluxes from radiometric surface - air
temperature differences results in large overestimates of the fluxes. On the other hand, this
preliminary study supports the use of a resistance type formulation for the estimation of
sensible heat flux over semi-arid areas as long as one accounts for the significant "excess"
resistance term.
In future analyses, practical methods for determining the appropriate magnitude of kW' or r,
will be explored. This will involve developing techniques that make use of meteorological
and remotely-sensed data that are readily available on a regionalscale. For example, global
maps of vegetation index are available from NOAA-AVHRR data (Ohring et al., 1989).
Vegetation indices have been related to vegetation cover (Ormsby et al., 1987), and surface
16
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temperature (Price, 1990). These relationships may provide operational methods for
estimating regional values of kr.
•
•
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Table I Location, dominant vegetation type and mean annual precipitationfor the 6 sites
Project Location Latitude Longitude Attitude Vegetation Precipitation
	
(m) (mm)
Monsoon '90 USA
Arizona 33•44'N 110•3'W 1526 Grass 241
Monsoon '90 USA
Arizona 33•45'N 109°56'W 1371 Shrubs 241
Owens Valley USA
California 37•15'N 118•15'W 1220 Shrubs 125
Smith Creek Valley USA
Nevada 39•19N 117°30'W 1850 Shrubs 250
Smoke Creek Desert USA
Nevada 40°32'N 119•49'W 1192 Shrubs 155
La Crau France 43•34'N 4•51'E 13 Stones/Grass 350
Table 2 Proportions of the components of the surface cover and the aerodynamic
characteristics - roughness length, zc., zero plane displacement, d, - for the 6 sites
Project Surface Surface cover (%) Aerodynamic
characteristics (m)
Bare Grass Shrubs z.. rt.
Soil Forbes Trees
Monsoon '90 Grass 61) 36 4 0.01 0.3
Monsoon '90 Shrubs 74 26 0.04 0.5
Owens Valley Shrubs 70 30 0.1 0.7
Smith Creek Valley Shrubs 75 2 23 0.06 0.375
Smoke Creek Desert Shrubs 70 30 0.04 0.25
La Crau Grass 95 5 0.013
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Table 3 Number of infrared thermometersand height of sensibleheatflux, wind speed,
surface and air temperaturesensors.
Project/Site Period Surface temperature Ilekebt (m) of
(Number) Height (en)
Grassesoil Shrubs Wbd Air Sensible
speed temperature heat flux
Monsoon '90 28/7/90- (I) 2 (1) 2 4 3 4.0 4.0
Shrub 10/8/90
Monsoon '90 28/7/90- (I) 1 (I) 1 4 3 4.0 4.0
Grass 10/8/90
Owens Valley 216/86- (I) 150* (1) 150* 2.0 2.0 2.0
5/6/86
Smith Creek 23/7/89- (1) 2 (I) 2 2.25 2.25 1.75
Valley 3/8/89
• Composite temperature obtained from an aircraft platform (see text)
Table 4 Theaverage (avg)and standarddeviation(stepof thequantitykg' and the average
resistancescomputedby Eqs. (I), (2) and (5)derivedfrom themeasurementsof the sensible
heat flux, radiometricsurface - air temperaturedifferenceandwind speedfor each site
Project Surface No of hours of kir' kW r,„ r, r,
	
observation (avg) (std)
Monsoon '90 Grass 95 3.8 2.8 44 31 75
Monsoon '90 Shrubs 98 5.6 2.8 3 0 38 68
Owens Valley Shrubs 22 8.0 3.8 22 55 77
Smith Creek Valley Shrubs 69 12.4 5.9 24 73 97
Smoke Creek Desert Shrubs 79 8.4 4.9 31 69 100
La Crau Grass 40 4.5 2.1 3 1 22 53
Average 7.1
20
Table 5 Mean sensible heatflux of all observations at each site estimated without an excess
resistance (H), estimated using the average value of kg ' to compute the excess resistance
aid. measured (N) and differences between estimated and measured values.
•
fie fi. Difference fi, Difference
Project/site (W lo.2) (W En'2) (W Inl (W to.) (W al 2)
Monsoon '90
Shrub 147 474 327 128 -19
Monsoon '90
Grass 139 291 152 103 -36
Owens Valley
Shrub 239 1966 1727 264 25
•
Smith Crcck Valley
Shrub 146 960 814 203 57
Smoke Crcck Desert
Shrub 203 1214 1011 225 22
La Crau
Stones/grass 211 426 215 153 -580
21
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Appendix 3
Analysis of data for sparse prairie grass
in Kansas, USA
Introduction
To assess the success of the average excess resistance determined front the analysis of 8 semi-
arid rangeland sites, it was used with an independent data set for sparse grass prairie in
Kansas, USA. Besides estimating the sensible heat flux from the difference between the
radiometric surface temperature and the air temperature, the sensible heat flux was used with
measurements of the energy budget to determine the latent heat flux (the total evaporation).
This data set was obtained as part of the First ISLSCP (International Satellite Land Surface
Climatology Project) Field Experiment which was carried out in 1987 and 1989 under the
management of NASA.
Theory
The relationship between sensible heat flux, H and the aerodynamic surface temperature, T*1
is given by:
—
° r
where p and c, are the density and specific heat of air
is the air temperature at the reference height, z,
is the aerodynamic resistance to the transfer of heat from the surface to z,
given by:
1zrah= In Zr-d° +
Z.,1 Jco,
(2)
where d, is the displacement height
z , za are the roughness lengths for momentum and heat respectively
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Iiie,• are the stability corrections for heat and momentum, respectively, which are
functions of the Monin-Obukhov stability length, L
is von Karman constant (=0.4)
	
u. is the friction velocity
Tt is the aerodynamic surface temperature defined by equation (1).
An analogous relationship betweensensible heat flux and radiometric surfacetemperature can
be proposed:
•
H = ( 71 7)pcp  (3)
rh
where rb is an aerodynamic resistancewhich is defined by equation (3).
Previous studies have shown that rh is equal to or larger than rth and Stewart a al. (1993)
proposed that:
rh = rah+r, (4)
r, =B-Ilu. (5)
where r, is an excessresistance, which Stewart a al. (1993) determined empirically
using equations (3) ad (4).
is the quantity proposed by Owen and Thomson (1963) and Chamberlain
(1966).
Under neutral stability conditions zth„can he derived from measurementsof u. ie.
(6)
= (z,.— do)le'
where K is the slope of the linear regression of u against u. passing through the
origin.
r, also accounts for the second term on the right hand side of equation (2)
involving zth
The latent heat flux, XE, can be obtained from measurementsof the sensibleheat flux and the
available energy, A given by
A =H+XE =R.
— G (7)
where 124 is the net all-wave radiation
is the soil heat flux
•
Then kE =A
— H (8)
•
•
•
•
•
•
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Site and data
The site of the measurements (designated 26(8739-ECB) in 1987and 926(8739-ECB) in 1989)
was situated on a plateau within a commercial farm dat 38°59'N, long. 96°33'W, alt.
440 m). There was a uniform fetch of 200 to 500 m depending on the wind direction. The
vegetation, dominated by a mixture of C3 grasses and forbes, was heavily grazed resulting
in a low leaf area index (LAI) - between mid May and mid October 1987LAI averaged 0.5,
of which about 55% was forbes - and up to 25% bare soil.
The turbulent surface fluxes were measured using the eddy correlationtechnique. The system
designed and built at the Institute of Hydrology is known as Hydra and has been described
by Shuttleworth et al. (1988). The Hydra is mounted at 2.5 m and uses a one dimensional
sonic anemometer to measure the fluctuations in the vertical component of the wind speed,
an infrared hygrometer for the humidity fluctuations and thermocouple for the temperature
fluctuations. A light weight fast response cup anemometer measures the scalar wind speed,
from which the friction velocity is derived. The fluxes were calculated over hourly periods.
The radiometric surface temperature was measured by 8 Everest Interscience model 4000
infrared thermometers (IRT). Each IRT was mounted on a tripod at a height of 3.5 m so that
the 15° field of view of the instrument sees an area of 0.7 m2. The individual areas were
distributed randomly up to 12 m apart and about 40 m from the Hydra. After checking the
output from the IRTs the surface temperature was calculated by averaging the individual
measurements from the serviceable instruments (6 to 8) assumingan emissivity of 1.0. Other
meteorological data, temperature and humidity, were measured by an automatic weather
stations (designated 21(8639) in 1987and 921(8639) in 1989)mounted 20 in from the Hydra.
Analysis and results
In 1987 there were 4 Intensive Field Campaigns (IFC) and one in 1989. For each IFC the
zero plane displacement, tit, was calculated as 64% of the vegetationheight, h„. For neutral
stability conditions given by —0.02 <(zr—db)/L <0.02, the regression of wind speed, u,
against the friction velocity, u. was determined. The relationship was used in equation (6)
to determine the roughness length zoo. Table 1 presents the values of zee, h, and surface
cover for each IFC.
The average value of ka of 7.0 obtained by Stewart a a/. (1993) was used to calculate the
excess resistance using equation (5), before calculating rbfor each hour during the day. The
sensible heat flux was calculated for each hour when L < —1.0,'II —T>2.0°C and U > 1.0 m
These restrictions were imposed to remove results whichwere effected by instrumental
or other errors.
The latent heat flux was determined using equation (8) with the available energy obtained by
summing the measured sensible and latent heat fluxes.
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For each IFC, Table 2 presents the values of the three components that make up the total
resistance r used in equation (3). For each period the excess resistance is the largest
component, representing on average 62% of the total resistance. Figure 1 shows hourly
values of sensible heat flux estimated by equation (I) ie. without using an excess resistance
term. It can be seen that the sensible heat flux is greatly overestimated. Figure 2 shows the
sensible heat flux estimated using equation (2) with the excess resistance derived from the 8
semi-arid rangeland sites. It can be seen that the relationship between estimatedand measured
sensible heat flux is not much below the 1:1 line, though there is considerable scatter for
individual hours. Figure 3 shows the latent heat flux estimated using equation (8) with the
sensible heat flux derived using the average value of 0' '. It can be seen that the results are
close to the 1:1 line and without much scatter. For each IFC, Table 3 presentsthe estimated
and measured mean fluxes - the sensible heat flux was estimated neglecting the excess
resistance as well as using the average value of kir to estimate the excess resistance. For the
combined data set the mean sensible heat flux derived using the classical formulation of the
aerodynamic resistance overestimates measured mean sensible heat flux by 141 W rn-2.The
introduction of the excess resistance term results in an underestimate of just 21 W in'2. Table
3 also presents the difference between the estimated and measured mean sensible heat fluxes
and the root mean square errors for the linear regressions forced through the origin of
estimated against measured sensible and latent heat fluxes. Neglecting the excess resistance
term in equation (3) besides causing a large bias in the mean estimate, also more than doubles
the root mean square error ie. for the combined data set the root mean square error is 63 W
rn' compared to 26 W ni2 when the average value of kg' is used to estimate the excess
resistance. Table 4 presents the linear regressions for the three cases.
•
•
• 5. Discussion•
Hall et al. (1992) found that radiometric surface temperature measured by the helicopter
mounted MMRoverestimated the aerodynamic surface temperature calculated from the FIFE
flux site measurements. These measurements of radiometric surface temperature when used
in equation (1) led to large overestimates of the sensible heat flux. Hall et al. (1991)
suggested that the overestimation of radiometric surface temperature could be reduced by
making the measurements off-nadir. Vining and Blad (1992) made radiometric surface
temperature measurements at 20°, 40° and 60° off nadir as well as at nadir and calculated
the sensible heat flux using equation (1). They found that there was no singleoptimum view
angle - it depended on the time of day and on the wind speed.
This paper demonstrates that the use of an excess resistance when estimating sensible heat
flux from measurements of radiometric surface temperature greatly reduces the difference
between estimated and measured average sensible heat fluxes. The excess resistance used
here was derived from measurements made at 8 semi-arid rangeland sites with vegetation
ranging in height from 0.5 to 5 m. The FIFE area cannot be considered as semi-arid
rangeland so it is particularly encouraging that the excess resistance derived for these other
sites worked so well.
The percentage bias in the estimates of latent heat flux were even smaller, since it is
dominated by the available energy rather than by the sensible heat flux - for much of the IFCs
• 25
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in 1987 and 1989, there was a good supply of soil moisture for the prairie and the Bowen
ratio was less than 0.5.
6. Concluding remarks
Use of an independently derived excess resistance, reduces the difference between the
estimated and measured average sensible heat flux from 141 to —21W n12. The current
estimates used measured values of cm and d„ to calculated the standard aerodynamic
resistance which was corrected for stability effects. Future studies will investigate the
sensitivity of the results to uncertainties in the values of zo_and d„.
This method should enable useful estimates of the anal average fluxes to be derived from the
aircraft measurements in the thermal infrared band over the FIFE area.
From their analysis of the FIFE data Hall et al. (1992) stated that as long as the classical
formulation of the aerodynamic resistance (equations (I) and (2)) was used, there appeared
to be no consistent way to use 71 as a reliable measure of T. The present analysis shows that
the introduction of an excess resistance derived from a constant value of kir can overcome
most of the problem encountered previously in the use of 11. To determine the range of
conditions that this simple correction is applicable for, further experimental studies will be
required.
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Table I Me proportion of soil and grass, roughnesslengthz0 and vegetationheighth, for5 Intensive Field Campaigns(TEC)
PeriodlitProportians ofProponions ofz,h,
soil (%)grass (%)(us)(m)
	
28105-06/06/871-25-150.0140.30
	
25/06-10/07/872-20-800.0120.37
	
17/08-23/08/873-25-750.0110.25
	
06/10-16/10/874-30-700.0100.16
	
21/07-14/08/895-25-750.0180.24
Table2 The three componentsof resistanceused in thefornudato estimatesensibleheatfluxfrom radiometricsurfacetemperature- theaerodynamicresistancefor neutralconditions4„the stability correction4 and the excess resistance4 derivedusingk13'=7.0 for thefiveperiods
PeriodIFCr.,,re,r,
(s nsi)(s or')(s sn'3)
	
28/05-06/06/87136.0-3.949.3
	
25/06-10/07/87240.6-6.154.2
	
17/08-23/08/87333.1-3.443.2
	
06/10-16/10/87439.1-5.150.0
	
21/07-14/08/89538.6-5.855.46
	
28/05-14/08/89all38.3-5.453.0
•
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Table 3 Estimatedand measuredsensiblehew fluxes (H, andH,), rootmean squareerror(RAISE)and difference (A)and estimatedandmeasuredlatentheatfluxes (XE,andXE„,)and
root mean square error (RAISE)for each IFC
IFC no of II. lit RMSE li, RMSE XE. XE, RMSEhours knO klr1=7.0 kil 1=7.0
IIE m.2) fIli en2/ (W col OF in 2) (W lo2) &V or) (41 014) (V 111.2)
I
2
3
4
5
combined
44 70 219 73 88 31 310 300 28
52 96 186 67 75 30 340 361 34
21 107 216 31 90 I 5 275 292 16
48 140 241 40 100 19 84 84 24
179 141 312 50 117 22 184 ion 27
344 124 265 63 103 26 210 231 34
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Table 4 Regressions of estimated sensible and latent heat fluxes at, and XEd againstmeasuredfluxes for the combined data set of 344 hours between 28 May 1987and 14 August
•
•
•
1989
H, using kft1 =0
H, using kB1 =0
forced through origin
H, using kW =7.0
H, using kB' =7.0
forced through origin
XE„ using al =7.0
XE.,using kB1 =7.0
forced through origin
Intercept
0.8 ± 8.4
6.7 ± 3.4
41.5 ± 2.8
Slope
2.130 ± 0.062
2.136 ± 0.025
0.776 ± 0.025
0.821 ± 0.010
0.903 ± 0.011
1.050 ± 0.007
77.5%
77.5%
73.2%
72.7%
94.9%
91.5%
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Figure 1	 Hourly sensible heat flux estimated using the standard formula with
radiometric surface temperature plotted against measured sensible heat flux.
Data for site 26 and 926 from 4 intensive field campaigns in 1987 and one
in 1989. The full line represents the linear regression and the dashed line the
1:1 relationship.
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Figure 2 Same data but hourly sensible heat flux estimated using a formula with an
excess resistance derived from 8 independent semi-arid rangeland
experiments. Thefull line represents the linear regression andthe dashed line
the 1:1 relationship.
33
600
cJ
400
EL"
"ciEi
2 200
cc
—J 0
•
o 8
48 et 0G 0 SS;1.1
cog
ete-
0 qi
0 200 400
Latent Heat Flux (W m-2)
o
o
0
o
o
•
o °to •
0 oo00
t
oo
e 0
0 17 8
8
600
Figure 3 Hourly latent heat flux plotted against measured latent heatflux. The latent
heat flux estimated from the energy budget using an excess resistance to
estimate the sensible heat flux for site 26 and 926 from 4 intensive field
campaigns in 1987 and one in 1989. The full line represents the linear
regression and the dashed line the 1:1 relationship.
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